Abstract-The effect of internal and external electron donors on the polymerization of propylene in a liquid monomer or a hydrocarbon diluent (hexane) in the presence of a titanium-magnesium nanocatalyst acti vated with an organoaluminum compound (triethylaluminum, triisobutylaluminum) and the properties of the resulting PP are studied. The polymerization of propylene in the absence of internal and external donors yields atactic PP, whereas, in the presence of a catalyst containing an aryl internal donor, isotactic PP is formed. The activity and stereospecificity of the catalytic system substantially depends on the method of elec tron donor introduction. The thermal treatment of the catalyst with an electron donor affects its activity and stereospecificity.
INTRODUCTION
As is known, the stereoregularity and, hence, the crystallinity of PP synthesized with unmodified tita nium-magnesium catalysts (TMCs) are considerably lower than the corresponding parameters for the iso tactic PP obtained in the presence of catalytic systems based on TiCl 3 and a modified TMC [1] . Supported TiCl 4 /MgCl 2 -AlR 3 catalysts developed in the late 1960s were used for ethylene polymerization [2] . Acti vated MgCl 2 characterized by the minimum crystal size (prepared, e.g., by grinding [3, 4] ) was used as a support. Such catalysts showed high activity, but their stereospecificity in the polymerization of propylene was insufficient. In the 1970s, the introduction of ste reoregulating additives D int and D ext into the supported catalysts and the use of an organoaluminum cocatalyst allowed the development of highly active, stereospe cific catalysts for the polymerization of propylene and higher α olefins, such as TiCl 4 /D int /MgCl 2 -AlR 3 /D ext [5] [6] [7] [8] . Monoesters of aromatic acids with an insufficiently high stereoregulating capacity were used as electron donors. Later, more efficient donors were found, namely, diesters of aromatic acids, in par ticular, such phthalates as D int and such alkylalkoxysi lanes as D ext [9] . Other internal donors, such as diethers [2] , which provided a high stereospecificity of TMCs in the absence of an external donor, were found subsequently.
Many patents describe various methods for the synthesis of supported TMCs with high activity and stereospecificity [10] [11] [12] [13] [14] . A single stage method for preparing a highly active titanium-magnesium nano catalyst (TMNC) of ethylene polymerization and ste reospecific diene polymerization was developed by E.A. Mushina et al.(Topchiev Institute of Petrochem ical Synthesis, Russian Academy of Sciences) [15] [16] [17] [18] [19] . (According to the creators of this catalyst, the term nano is related to "highly dispersed systems of the nanoparticle type" [15, 16] ). To an extent exceeding 95%, TMNCs are composed of fine particles 15-35 nm in diameter. The finest particles of the tradi tional TMCs are 150-400 nm in size [17] . As was noted in [18] , "the results of investigations (IR spec troscopy, X ray diffraction analysis, electron micros copy) made it possible to suggest that the synthesized TMCs are nanocatalysts based on a specially prepared MgCl 2 in the form of clusters from several molecules with small inclusions of titanium chloride."
The aim of this study was to investigate whether the TMNC developed by Mushina et al. [15] can be used for the stereospecific polymerization of propylene. Here, (TMNC + ) implies that the synthesis was performed in the presence of donors; (TMNC + ) refers to the catalyst after heat treatment. The latter reaction involves the heat treatment of TMNC in the presence of the donor. The contents of titanium in TMNCs were 1.5, 2.37, and 2.37 wt %, respectively. The catalysts were employed in the form of suspensions in hexane.
Effect of Electron Donors on Polymerization of
The modification of TMNCs by stereoregulating electron donor additives (cyclohexylmeth yldimethoxysilane (D 1 ) and 9,9 bis(methoxymethyl ene)fluorene (D 2 )) was performed at the stage of TMNC synthesis (internal donor D 2 ) or via addition of an electron donor to the catalytic system in the form of a complex with an organoaluminum compound (external donor D 1 or D 2 ). The external electron donor additives were used in the form of 10% solutions in hexane. 24% solutions of Al(i Bu) 3 and AlEt 3 (Aldrich) in hexane were used as cocatalysts.
Hexane (analytical grade) was boiled over Na, dis tilled under a flow of argon, and kept over Na.
The polymerization of chromatographically pure propylene was performed in a steel reactor equipped with a mechanical stirrer, in a liquid monomer (a pres sure of 3.6 MPa, a concentration of 10 mol/l), or in a hydrocarbon diluent (hexane) in the presence of dif ferently modified TMNCs. Before experiments, the catalyst in a glass ampoule was placed in a special apparatus located in the bottom of the reactor. Then, the reactor was evacuated for 1 h at 70°С and cooled to room temperature. The liquid monomer from the pretreated cylinder with propylene was recondensed into a metallic 20 cm 3 batcher and then was fed into a 200 cm 3 reactor until complete filling with the mono mer. Ampoules with an organoaluminum compound and an external electron donor were introduced with metallic syringes through side inlets of the reactor, and then the syringes were washed with liquid propylene. In addition, polymerization in a hydrocarbon diluent (hexane) was performed in the metallic 200 cm 3 reac tor. The volume of the liquid phase was 100 cm 3 . The
reactor was filled with propylene up to a pressure of 1 MPa. Then, a cocatalyst was added to the reaction solution through the side inlet with the use of a metal lic syringe. The ampoule with the catalyst was broken under constant stirring, and prepolymerization was performed for 2 min at 20°С. Then, the temperature was increased to 70°С. The monomer concentration in the reaction mixture was determined according to Henry's law. In all experiments, the polymerization process was ceased via addition of a mixture of ethanol and HCl (a 10% solution). The polymer was filtered, washed many times with water, and dried to a constant weight under vacuum at 60°С.
The activity of the catalyst was estimated from the polymer yield reduced to 1 g of transition metal, the polymerization time, and the monomer concentration (kg PP/g Ti h [C 3 H 6 ]).
X ray diffraction measurements were performed on a DRON 3M diffractometer in the transmission mode (an asymmetric focusing detector, a quartz monochromator on the primary beam, and CuK α radiation). The scanning of the diffraction pattern covered the range of diffraction angles 2θ = 6°-36°w
ith a point step of Δ2θ = 0.04° and an accumulation time of τ = 10 s. Crystallinity degree α was determined with X ray amorphous PP. The error of α measure ment from the X ray data was ±5%.
The thermophysical characteristics of samples were determined by DSC. DSC thermograms were recorded on a DSC30 calorimeter equipped with a TC 15 processor and the program package STAR ® SW 8.00 (Mettler). The measurements were per formed in a nitrogen atmosphere in the heating-cool ing-heating mode at the rates v + = v -= v + = 10 K/min. The enthalpy of melting of PP at α = 100% was taken as = 165 ± 18 J/g. The IR spectra of PP films prepared by compaction of the powder polymer at 190°С were recorded on a PerkinElmer FTIR spectrometer, and the macrotac ticity index (MI) of the resulting polymers was calcu lated from the ratio of intensities of absorption bands,
The gel permeation chromatograms of PP samples were recorded on a Waters 150C gel permeation chro matograph equipped with an HT column packed with μ Styragel in о dichlorobenzene at 140°С. Molecular masses were calculated from the universal calibration curve with the use of PS standards and Mark-KuhnHouwink coefficients for PP.
RESULTS AND DISCUSSION
The effects of the polymerization conditions and the type of catalytic system on propylene polymeriza tion in the liquid monomer and hexane and on prop erties of the resulting PP are shown in Tables 1 and 2 . It is evident that the introduction of an external donor into the catalytic system results in a substantial ΔH m°
